Introduction {#sec1}
============

Palladium (Pd) nanoparticles have attracted considerable interest due to their hydrogen uptake ability and effective catalytic activity leading to a variety of applications, including catalysis, gas sensing, and hydrogen storage.^[@ref1]−[@ref4]^ In most hydrogen-based applications, the hydrogen atoms initially dissociate on the surface of Pd. In sensing or storage applications, the hydrogen atoms diffuse into the subsurface layers, forming a Pd hydride.^[@ref3],[@ref5],[@ref6]^ In catalytic applications, the dissociated hydrogen atoms are capable of quickly reacting with the other reactants to increase the reaction rate. Since the initial dissociation of the hydrogen atoms is surface-dependent, increasing the accessible surface area of Pd nanoparticles will result in a corresponding increase in the catalytic performance. Additionally, dissociation rates of hydrogen vary with the crystal facets.^[@ref7]−[@ref9]^ Therefore, the shape of Pd nanoparticles is expected to expose the crystal facets that promote faster dissociation on the surface, and the synthesis of Pd nanoparticles with large surface area is becoming relevant for sensing and catalytic applications.

Nanoparticles can be synthesized in a variety of methods, including atomic deposition, electron beam lithography, laser ablation, and colloidal synthesis.^[@ref10]−[@ref12]^ Although many of these methods have their own distinct advantages, colloidal methods can allow for straightforward synthesis of uniquely shaped, mono- or polycrystalline nanoparticles. One of the most common colloidal methods is seed-mediated growth, which can synthesize cubic, octahedral, rhombic, or dodecahedral Pd nanoparticles.^[@ref1],[@ref2],[@ref13]−[@ref16]^

The seed-mediated growth method is a versatile and efficient method for synthesizing high-quality metallic nanoparticles.^[@ref17],[@ref18]^ This method has some interesting features: (a) particle size and shape can be controlled, (b) the reaction rate is relatively fast when close to room temperature, (c) the experimental process is typically simple and inexpensive, and (d) core--shell particles can be synthesized.^[@ref19]−[@ref22]^ In a typical seed-mediated growth synthesis, the nucleation of metallic crystal seeds starts with a rapidly occurring reduction reaction, resulting in a high concentration of tiny metallic seeds. Then, the seed solution is injected into a growth solution, which supplies the necessary reagents for the seeds to grow into larger nanoparticles.^[@ref19],[@ref23]^ This growth process can be repeated in multiple, short steps with new growth solutions for each step to grow the nanoparticles slowly, or the process can happen in one, more concentrated, growth solution over a longer period of time, through a process such as Ostwald ripening.^[@ref24],[@ref25]^ Generally, a metal salt, a reducing agent, and a capping agent are necessary in both seed and growth solutions.^[@ref26]^ The metal salts supply the additional metallic ions necessary for the effective, controllable growth of the nanoparticles, while the reducing agent converts these metallic ions into atoms and can be used to control the speed of growth by limiting the accessibility of the newly reduced metal atoms. Capping agents, such as surfactants, polymers, ligands, or dendrimers, are employed to promote the stability of the nanoparticles but are also used to control the size and shape of nanoparticles.^[@ref19],[@ref27],[@ref28]^ Changing the type and concentration of capping agents can result in the growth of nanoparticles with specific shapes, primarily through the stabilization of specific facets of the nanoparticle crystal structure.^[@ref29]^

Hexadecyltrimethylammonium bromide (CTAB), a cationic surfactant with a C16 alkyl tail and a quaternary ammonium head group, has been widely used as a capping agent in the synthesis of gold, silver, and Pd nanoparticles.^[@ref2],[@ref10],[@ref30]^ CTAB molecules bind strongly to the surface of metal nanoparticles, typically forming a bilayer of surfactant, and the presence of the bromide (Br^--^) ion stabilizes specific facets of these nanoparticles.^[@ref31]^ Isotropic or anisotropic growth of nanoparticles can be achieved by adjusting the concentration of CTAB or the pH of the growth solution.^[@ref29],[@ref31]^ Additionally, CTAB enhances the stability of the metal nanoparticle dispersion (i.e., prevents their aggregation) by increasing the electrostatic repulsion between the particles.^[@ref31],[@ref32]^ However, in the typical seed-mediated synthesis of Pd nanoparticles with only CTAB, limited shapes of Pd nanoparticles can be obtained.^[@ref2],[@ref33]^ In order to synthesize Pd nanoparticles with a shape that has a large surface area, we have modified the traditional seed-mediated method. For the first time, a binary surfactant mixture of CTAB and sodium oleate (NaOL), two surfactants with oppositely charged head groups, is applied in the synthesis of Pd nanoparticles. NaOL is an anionic surfactant with a double bond in its long hydrocarbon chain. When CTAB and NaOL are mixed in water, the mixture has a critical micelle concentration (CMC), critical packing parameter (CPP), and other physical properties different from those of a pure CTAB or NaOL solution.^[@ref34],[@ref35]^ Additionally, based on theories of mixed surfactants and surfactant adsorption on solid surfaces,^[@ref36]^ mixing hexadecyltrimethylammonium ions (CTA^+^) and oleate ions (OL^--^) leads to a more complicated surfactant distribution on metal nanoparticle surfaces.^[@ref34]^ Therefore, NaOL mixed with CTAB is predicted to significantly change the performance of the surfactants in a seed-mediated growth method. Previously, these binary surfactants have been applied to a seed-mediated gold nanorod synthesis, resulting in an increased yield and quality of gold nanorods.^[@ref37]−[@ref39]^

In this paper, for the first time, synthesis of Pd nanodendrites was achieved by controlling the molar ratio of CTAB and NaOL in surfactant mixtures. These Pd nanodendrites feature large surface areas, which have the potential to improve the material efficiency of Pd nanoparticles in sensing and catalytic applications. Huang and co-workers^[@ref40]^ previously studied gold--palladium core--shell nanodendrites synthesized by a mixture of CTAB and 5-bromosalicylic acid for similar applications; however, the formation mechanism of the nanodendrites is still unclear and may be dependent on the surfactants used. In our work, a binary surfactant mixture was used instead of the mixture of a surfactant and acid. Additionally, CTAB is the only source of Br^−^ ions, which makes it possible to study the mechanism of the dendritic formation.

We identified the optimal molar ratio for the surfactants that promotes the formation of Pd nanodendrites with high yield and narrow size distribution. Further experiments were set to replace CTAB and NaOL by hexadecyltrimethylammonium chloride (CTAC) and sodium stearate (NaST), respectively, to investigate the contributions of the surfactants to the mechanism of the Pd nanodendrite formations. Additionally, the growth process of Pd nanodendrites on the seed surface was monitored over a period of 14 h. Finally, the effects of other parameters, such as the stirring speed, temperature, and pH, on the shape of Pd nanoparticles were studied to ensure robust dendrite formation.

On the basis of these studies, a model is proposed to explain the growth of Pd nanoparticles in growth solutions with different CTAB molar ratios, as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. When there is only CTAB (α~CTAB~ = 1), Pd cubic seeds grow into larger Pd nanocubes; when 0.5 ≤ α~CTAB~ ≤ 0.9, Pd nanodendrites and a few Pd crystals are formed; when 0 ≤ α~CTAB~ ≤ 0.4, small Pd crystals are obtained and Pd seeds are not able to grow further. This model identifies the micellar formation of the surfactants in solution as the reason for this dramatic shape change.

![Schematic illustration of the shapes of Pd nanoparticles grown with different α~CTAB~ values, AA is L-Ascorbic Acid.](la9b03804_0001){#fig1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Hexadecyltrimethylammonium bromide (CTAB, ≥99%), sodium stearate (NaST, ≥99%), [l]{.smallcaps}-ascorbic acid (AA, ≥ 99%), palladium(II) chloride (PdCl~2~, 99.999%), and sodium hydroxide (NaOH, ≥ 97.0%) were purchased from Sigma-Aldrich. Sodium oleate (NaOL, \>97.0%) and hexadecyltrimethylammonium chloride (CTAC, \>95.0%) were obtained from Tokyo Chemical Industry. Hydrochloric acid (HCl, 37 wt % in water) was purchased from VWR Chemicals. All solutions were prepared with ultrapure water (18.2 MΩ), which is purified with a Milli-Q Advantage A10 water purification system from Merck. Additionally, a 10 mM H~2~PdCl~4~ solution was prepared by dissolving 0.1773 g of PdCl~2~ in 10 mL of 0.2 M HCl solution and then diluting to 100 mL with ultrapure water.^[@ref1]^ CTAB and NaOL aqueous solutions were stored in a water bath at 40 °C. Fisherbrand EPA screw neck glass vials (20 mL) were used for preparing the solutions. Glassware and magnetic stir bars were washed by freshly prepared aqua regia (3:1 volume of HCl and HNO~3~) prior to use.

Synthesis of Pd Nanodendrites {#sec2.2}
-----------------------------

The synthesis of the Pd nanodendrites was initially adapted from ref ([@ref2]), for the synthesis of Pd nanocubes, and ref ([@ref37]), where a similar surfactant mixture was used to form gold nanorods.

### Seed Solution {#sec2.2.1}

Ten milliliters of 12.5 mM CTAB was transferred to a 20 mL glass vial in an oil bath at 95 °C, while being stirred at an apparent speed of 400 rpm. Then, 0.5 mL of 10 mM H~2~PdCl~4~ was added to the CTAB solution. After 5 min, 80 μL of 100 mM AA was injected into the CTAB--Pd solution, with continuous stirring. The solution was incubated at 95 °C for 30 min before use. A fresh seed solution was prepared for each synthesis process due to the degradation of the seeds a few hours after preparation.

### Growth Solution {#sec2.2.2}

Solutions of 50 mM CTAB and 50 mM NaOL were added in different volume proportions and mixed well to obtain a mixture with a total volume of 5 mL. The mixture was stored in a 20 mL glass vial at room temperature. Respective CTAB and NaOL volumes and molar ratios are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. After that, 125 μL of 10 mM H~2~PdCl~4~, 200 μL of fresh seed solution, and 25 μL of 100 mM AA were added, in this order, to the surfactant solution and mixed thoroughly on a vortex (Scientific Industries Vortes Genie 2) after each addition. The mixture was then kept in a water bath at 40 °C for 14 h without stirring. The final growth solution was centrifuged (VWR Micro Star 12) at 2400 RCF (6000 rpm) for 20 min. A specific volume of ultrapure water, determined by the application of the nanodendrites, was added after removing the supernatant.

In order to tune the pH value of the growth solution, 13.75 μL of 1 M HCl or 5 μL of 1 M NaOH solution was injected after adding the seed solution but before addition of AA.

Characterization {#sec2.3}
----------------

Morphologies of Pd nanoparticles were investigated with a FEI Tecnai T20 transmission electron microscope (TEM) at 200 kV and an FEI Titan 80-300 TEM at 300 kV. The ζ-potential was studied with a Malvern Panalytical Zetasizer Nano ZS. The absorbance spectra were measured on an Agilent Cary 60 ultraviolet--visible (UV--vis) spectrophotometer with a xenon flash lamp (80 Hz) as a light source. A Metrohm 856 conductivity module was used to measure the solution conductance. A Jenway 570 pH meter was used to measure the pH value of the solutions.

Results and Discussion {#sec3}
======================

In order to study the effect of the binary surfactant mixture on the shape and yield of Pd nanoparticles, a series of seed-mediated growth synthesis experiments were performed with different molar ratios of CTAB and NaOL but maintaining the same total volume and initial molar concentrations of the surfactants (50 mM). The volumes of the surfactants added in the growth solution for each batch are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The amount of CTAB decreases, and consequently, the amount of NaOL increases from α~CTAB~ = 1 to α~CTAB~ = 0.

###### Summary of the Seed-Mediated Growth Synthesis Experiments[a](#t1fn2){ref-type="table-fn"}

  α~CTAB~[b](#t1fn1){ref-type="table-fn"}   *V*~CTAB~, mL   *V*~NaOL~, mL   ζ-potential, mV   conductance, mS/cm   yield of Pd nanoparticles, mg/mL
  ----------------------------------------- --------------- --------------- ----------------- -------------------- ----------------------------------
  1                                         5               0               60.9 ± 5.9        1.25                 0.057
  0.9                                       4.5             0.5             55.6 ± 11.0       1.52                 0.073
  0.8                                       4               1               38.9 ± 1.6        1.75                 0.057
  0.7                                       3.5             1.5             37.5 ± 1.2        2.04                 0.047
  0.6                                       3               2               36.2 ± 7.2        2.13                 0.043
  0.5                                       2.5             2.5             8.66 ± 5.9        1.96                 0.04
  0.4                                       2               3               --68.6 ± 0.9      2.4                  0.127
  0.3                                       1.5             3.5             --73.8 ± 1.0      2.09                 0.117
  0.2                                       1               4               --78.8 ± 7.1      1.86                 0.057
  0.1                                       0.5             4.5             --78.4 ± 8.8      1.56                 0.063
  0                                         0               5               --58.3 ± 0.9      1.35                 0.023

A mixture of CTAB and NaOL was used for the preparation of the growth solution. The initial concentration of the surfactants was \[CTAB\] = \[NaOL\] = 50 mM. The ζ-potential and conductance of the mixture were measured at 40 °C.

α~CTAB~ is the molar ratio of CTAB and binary surfactant mixture. There is only CTAB at α~CTAB~ = 1 and only NaOL at α~CTAB~ = 0.

The ζ-potential and conductance of these surfactant solutions were measured, and the results are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for comparison. The value of the ζ-potential can indicate the stability of nanoparticle dispersions, as nanoparticle solutions are typically not stable when the ζ-potential value of the solution is close to zero.^[@ref41],[@ref42]^ Pure CTAB micelles carry positive charges with a relative ζ-potential value of around +60.9 mV. By increasing the concentration of NaOL in the solution, mixed micelles were formed, and the ζ-potential of the micelles decreased. This is mainly due to the charge neutralization of the CTAB micelles by the addition of oppositely charged NaOL to the mixture. The ζ-potential values suddenly change from +8.66 to −68.6 mV by changing α~CTAB~ from 0.5 to 0.4, respectively. This shows that there is a critical concentration or molar ratio in this range at which the ζ-potential becomes zero and the nanoparticles in this solution are quite unstable.

The trend of conductance versus α~CTAB~ also shows a maximum at around α~CTAB~ = 0.4. As a result of charge neutralization, the degree of counterion dissociation increases and more counterions (Br^--^ and Na^+^), which contribute to the conductance, are freed to the solution. This does not affect the surface tension of the solution because the starting CTAB and NaOL solutions have concentrations much higher than their CMC values. This maximum was expected to appear at α~CTAB~ = 0.5 instead of 0.4. However, the presence of a double bond in the hydrocarbon tail of NaOL and its conformational restriction may have some effects on the accommodation of these molecules in the mixed micelles, and thus, the double bond shifted the maximum to lower α~CTAB~ values.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the TEM images of Pd nanoparticles synthesized by the recipes reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Nanocubes with an average size of 24.1 ± 3.4 nm were synthesized in the seed solution, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (seeds). Nanocubes with an average size of 56.7 ± 6.0 nm were synthesized when the seed solution was injected in the surfactant solution with only CTAB, following the standard procedure,^[@ref1],[@ref2]^ as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (α~CTAB~ = 1). However, as the CTAB molar ratio decreased in the growth solution, nanodendrites were synthesized instead of nanocubes, as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (α~CTAB~ = 0.9--0.5). The diameter of these Pd nanodendrites ranges from 45 to 66 nm. It was also observed that some of the Pd seed nanocubes remained in the center of Pd nanodendrites, visible by the different contrast in the TEM, which is highlighted with red arrows for α~CTAB~ = 0.9 and is also visible for α~CTAB~ = 0.8--0.5 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. When the CTAB ratio decreased further (α~CTAB~ \< 0.5), the Pd nanocubes from the seed solution and much smaller crystals were observed; however, no larger nanoparticles or nanodendrites could be found in the samples, as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (α~CTAB~ = 0.4--0). This indicates that, when α~CTAB~ is lower than 0.5, it becomes inefficient for reduced Pd^0^ to grow at the surface of the Pd seeds, and thus, small crystals are formed. This illustrates that CTAB molecules, with cationic head groups, are essential for the growth of Pd nanoparticles. When the concentration of CTAB is lower than a critical concentration (α~CTAB~ \< 0.5), the ζ-potential of the surfactant mixture becomes negative and no more growth is observed. Additionally, as α~CTAB~ approaches 0.5, the yield of Pd nanodendrites decreases significantly. Due to the apparent scattering of the Pd nanodendrites, we were able to track the absorbance spectra of Pd nanoparticles in growth solutions with different α~CTAB~, and the results are shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03804/suppl_file/la9b03804_si_001.pdf) of the Supporting Information.

![TEM micrographs of the Pd seeds and the Pd nanoparticles synthesized at various α~CTAB~ values. α~CTAB~ and the average particle size of each sample are marked on the top of each image.](la9b03804_0002){#fig2}

By comparison of all tested molar ratios, it is evident that the Pd nanodendrites are stable (ζ-potential \> 30 mV)^[@ref43]^ in the growth solution and with the highest yield and narrowest size distribution, as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, when the value of α~CTAB~ is between 0.8 and 0.9.

We performed additional structural studies of the Pd nanodendrites, shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. A low-magnification TEM image of the Pd nanodendrites (α~CTAB~ = 0.8) is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, which illustrates that the size distribution of these nanodendrites is narrow. The selected area electron diffraction pattern ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) of the whole area in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a clearly reveals the diffraction from Pd polycrystalline structures and verifies that the nanodendrites only consist of metallic Pd crystals. In order to observe the dendritic crystals clearly, a high-resolution TEM image was taken from a small nanodendrite without the seed (diameter 22.7 nm) in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, and its corresponding fast furious transform (FFT) image is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d. Even though there are multiple dendrites, the diffraction pattern in FFT displays a Pd single-crystal characterization. It illustrates that the crystal lattices of the dendrites in this nanodendrite are in the same order.

![(a) A low-magnification TEM image of Pd nanodendrites (α~CTAB~ = 0.8). (b) Selected area electron diffraction pattern of Pd nanodendrites. (c) High-resolution TEM image of a nanodendrite. (d) FFT image of panel c.](la9b03804_0003){#fig3}

In order to investigate the formation mechanism of Pd nanodendrites, the growth solution (α~CTAB~ = 0.8) was monitored using the TEM and UV--vis spectroscopy at various time intervals throughout the synthesis process (14 h). TEM images can be used to show the structures that were formed throughout the growth process, and the results are displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. At the beginning of the process, small Pd crystals grew rapidly on the surface of Pd seeds ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, 0 h), and the size (30.8 ± 4.9 nm) is approximately the same as the previously observed seeds ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, seeds). After 1 h, nanodendrites were significantly more advanced, and the size grew to its maximum (50.6 ± 4.8 nm) in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (1 h). Over the next several hours, the size and shape of the nanodendrites stabilized and no considerable change in shape or size, only the distribution, could be observed from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (from 2 to 14 h). UV--vis results are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03804/suppl_file/la9b03804_si_001.pdf) of the Supporting Information. The changes observed in the kinetic UV--vis absorbance spectra corresponded well to TEM results.

![TEM images of Pd nanodendrites with α~CTAB~ = 0.8 tracked through the growth process, indicated by hours (h). The growth time and the average size of Pd nanodendrites are marked in the top right of the images.](la9b03804_0004){#fig4}

It is clear that the binary surfactant mixture plays an important role in the reduction of Pd^2+^ ions and the shape-controlled growth processes. Therefore, surfactant mixtures with different α~CTAB~ were studied with UV--vis spectroscopy to determine if there were significant changes within the surfactant mixtures themselves that would contribute to the formation of, or lack of, nanodentritic structures. The absorbance spectra and pictures of surfactant mixture solutions are shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03804/suppl_file/la9b03804_si_001.pdf) of the Supporting Information. The results demonstrate that the phase separation occurred in the solutions with α~CTAB~ = 0.2--0.6. In general, cationic and anionic surfactant mixtures show precipitation, instability, or formation of vesicles or lamellar liquid crystals when the proportion is relatively close to 1:1.^[@ref44]^ The phase separation leads to a reduction of the surfactant concentrations in solutions, which decreases the efficiency of Pd nanoparticle growth.

Ion-pairing and neutralization of oppositely charged surfactants can also occur in the solution. As a result, some of the molecules may precipitate from the solution, especially when the Krafft temperature (*T*~K~) of the surfactants is above room temperature. The *T*~K~ values of CTAB and NaOL are around room temperature, at 24.5 and 20 °C, respectively ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).^[@ref45],[@ref46],[@ref50]^ The solubilization of ionic surfactants increases dramatically at their *T*~K~. At temperatures lower than *T*~K~, the surfactant molecules tend to precipitate from the solution (i.e., the free energy of the crystalline state is higher than the free energy of micellar solution).^[@ref51]^ Thus, in practice, surfactants should be used at or above their *T*~K~. Therefore, Pd nanoparticles were prepared in CTAB and NaOL micellar solutions at 40 °C.

###### The CMC, *T*~K~, and Hydrophilic--Lipophilic Balance (HLB) Values of CTAB, NaOL, and NaST

         CMC, mM(measurement temp, °C)   *T*~K~, °C       HLB
  ------ ------------------------------- ---------------- ----------------
  CTAB   0.9 (25)^[@ref34],[@ref35]^     24.5^[@ref45]^   21.4^[@ref35]^
  NaOL   0.4 (25)^[@ref34],[@ref35]^     20^[@ref46]^     18^[@ref47]^
         2.15 (30)^[@ref48]^                               
  NaST   1.8 (30)^[@ref48]^              79^[@ref46]^     18^[@ref49]^

It should be also noted that with the addition of inorganic salts or surfactants with opposite charge to the micellar solution, the *T*~K~ of the mixture increases. The *T*~K~ of a binary mixture of ionic surfactants with oppositely charged head groups is usually higher than the *T*~K~ of the individual surfactants and the surfactant mixture has a higher tendency to precipitate in the solution at temperatures lower than its *T*~K~. Moreover, the trend of hydrophilic--lipophilic balance (HLB) as a function of CTAB--NaOL micellar composition has a minimum at α~CTAB~ = 0.5.^[@ref35]^ This shows that these oppositely charged surfactants are strongly attracted to each other in the solution and their aggregation behavior is nonideal and strongly synergistic.

The results of the Pd nanodendrites synthesized at various α~CTAB~ and surfactant mixture solutions suggest that the formation of the dendritic shape is affected by the adsorption of the CTAB and NaOL molecules on the seed surfaces. The surface tension, aggregation number of surfactants in micelles, and CPPs are among the most critical parameters affecting the growth of nanoparticles. The CMC values of CTAB and NaOL at 25 °C are 0.9 and 0.4 mM, respectively, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.^[@ref34],[@ref35]^ However, the mixtures of these two surfactants have lower CMC values than the individual surfactants. The lowest CMC (0.2 mM at 25 °C) exists for a mixture with a molar ratio equal to 1.^[@ref34],[@ref35]^ The concentration of surfactants used in our experiments (50 mM) is nearly 50 times higher than the CMC values of any of the individual surfactants. Therefore, the CTAB and NaOL mixtures form micelles in the growth solutions and adsorb on the surface of Pd nanoparticle seeds. Additionally, the surface tensions of all growth solutions remain relatively constant.^[@ref34],[@ref35]^ It is known that the pure Pd seed surface is hydrophilic and negatively charged.^[@ref52]−[@ref54]^ When only CTAB was used in the growth solution (α~CTAB~ = 1), CTAB molecules formed a continuous double layer on the surface of Pd seeds.^[@ref53],[@ref54]^ However, on the basis of the theory of surfactant adsorption on a hydrophilic surface, the addition of NaOL breaks the CTAB double layer through the electrostatic interaction of these two surfactants and forms mixed micelles on the Pd seed surfaces instead, leading to a decrease of the interaction between surfactants and the Pd seed surface.^[@ref36]^ The shape of the mixed micelles is affected by the CPP values of CTAB and NaOL. Additionally, Pd precursors tend to exist as PdCl~4~^2--^, a negatively charged ion.^[@ref40]^ Therefore, Pd precursors are attracted to the Pd seed surface with CTAB and repulsed by the addition of the NaOL molecules. In other words, CTAB attracts the Pd precursor ions to reduce into Pd atoms and deposit on the seed surface, but NaOL does not favor this, resulting in the initial formation of small Pd clusters in the solution, which can deposit on the seed surface where the surfactant layer is attractive to these clusters.

On the basis of the aforementioned discussion, we put forward a model for the formation of Pd nanodendrites: with the addition of NaOL in the growth solutions, Pd^2+^ ions were first reduced to form small Pd crystals in mixed surfactant micelles and then these Pd crystals were adsorbed on the Pd seed surfaces through the interaction between the surfactants and surfaces. Because the Pd seed surfaces and Pd precursors are negatively charged, anionic NaOL has a much weaker interaction with the Pd seed surfaces than the cationic CTAB, leading to the deposition of small Pd crystals on the seed surface with CTAB molecules. Therefore, the interactions between the mixed surfactant micelles and Pd seed surfaces decreased as the concentration of NaOL increased. When the concentration of NaOL was higher than a critical value (α~CTAB~ ≤ 0.4), small Pd crystals were not able to adsorb on the seed surfaces. The results in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and ζ-potential values in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} correlate well to this model. The dendrites of each particle at α~CTAB~ ≥ 0.5 are small and show crystalline--particle shapes. Pd seeds injected in growth solutions of α~CTAB~ ≤ 0.4 do not grow further. Additionally, the ζ-potential becomes negative at the critical value (α~CTAB~ ≤ 0.4).

Ιn order to test this model, Pd nanoparticles were grown without adding seeds in the growth solutions. Then the Pd nanodendrite solutions were centrifuged at 9700 RCF for 40 min to precipitate all sizes of Pd nanoparticles. TEM images of the nanoparticles from four growth solutions without seeds are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. When α~CTAB~ = 1, irregular shapes of Pd nanoparticles were formed instead of the uniform cubic shape. This is probably because CTAB molecules form micelles instead of a continuous double layer in the solution without Pd seeds as the cubic solid template. In the same growth process with seeds, there is also a small percentage of nanoparticles with irregular shapes, which were washed away by centrifugation. When α~CTAB~ = 0.8, high-yield Pd nanodendrites were still obtained. However, when α~CTAB~ = 0.5, 0.2 and 0, much smaller crystals and fewer small crystal aggregations were found. This result illustrates that Pd^2+^ ions in these solutions were reduced to Pd^0^ successfully and formed small Pd crystals. These small crystals aggregated to form nanodendrites when α~CTAB~ = 0.8, but they were not able to aggregate when α~CTAB~ = 0.5, 0.2, and 0. Additionally, the absorbance spectra when α~CTAB~ = 0, shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, also confirmed this. The intensity of the peak at λ = 265 nm from H~2~PdCl~4~ decreased drastically from 0 to 14 h in the growth solution without seeds. In addition, a broad peak at λ = 272 nm, from Pd^0^, was formed, which is at the same wavelength as the peak in the growth solution with seeds. Therefore, we assess that the Pd^2+^ ions were reduced by AA and formed small Pd crystals in both growth solutions with and without seeds. These results from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} also support the suggested model.

![TEM images of Pd nanoparticles grown without seeds. α~CTAB~ is marked on the top left of each image. Absorbance spectra for the growth solutions with α~CTAB~ = 0.](la9b03804_0005){#fig5}

The observation of small Pd crystals in the growth solutions without seeds shows that Pd^2+^ ions were reduced and formed small crystals initially. Then, the aggregation of these crystals is determined by the surfactant composition. When α~CTAB~ = 1, Pd nanocubes grow from Pd cubic seeds; when 0.5 ≤ α~CTAB~ ≤ 0.9, Pd nanodendrites and a few Pd crystals are obtained; and when 0 ≤ α~CTAB~ ≤ 0.4, small Pd crystals are formed and Pd seeds are not able to grow. The three different situations are illustrated in the scheme of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

It is demonstrated above that Pd nanodendrites were formed at α~CTAB~ values between 0.5 and 0.9. In order to further test the importance of each surfactant in the solutions and the effects of other growth parameters, such as stirring, temperature, and pH value, several experiments were set for the Pd nanodendrite synthesis at one of the most effective molar ratios (α~CTAB~ = 0.8).

First, the possibility of replacing CTAB or NaOL by another surfactant with a similar structure was considered. Since the Br^--^ ions influence on the formation of the {100} facets,^[@ref55]^ the substitution of Br^--^ by Cl^--^ ions possibly alters the dendritic shape. Additionally, the carbon--carbon double bond in NaOL molecules affects the physical properties, so the replacement of the double bond can also potentially change the dendritic shape. In our first experiment, CTAC was used instead of CTAB in the synthesis. Pd nanodendrites were synthesized successfully using this synthesis procedure, as seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. These Pd nanodendrites have a comparable size (65.2 ± 6.1 nm) and appear to have a dendritic structure similar to that of the CTAB--NaOL Pd nanodendrites with the same molar ratio (α~CTAB~ = 0.8 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Therefore, the dendritic shape of Pd nanoparticles was not affected when Br^--^ ions were replaced by Cl^--^ ions and CTAC molecules played the same role as the CTAB molecules. This illustrates that CTA^+^ is a crucial part of the formation of nanodendrites. In the second experiment, NaOL was replaced by NaST, which has a similar structure as NaOL but lacks the double bond in the hydrocarbon tail. We observed that the dendritic shape could not be achieved when using NaST, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. Even though the only difference in chemical structure between the NaOL and NaST molecules is the double bond, the lack of a double bond in the hydrocarbon tail increases the *T*~K~ of NaST (79 °C in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Therefore, NaST has a lower solubility in the growth solution at the reaction temperature (40 °C). However, the barely soluble NaST molecules still interrupt the formation of Pd nanocubes. This indicates that the double bond in the NaOL hydrocarbon tail affects the formation of the dendritic shape.

![TEM images with different magnifications: (a) Pd nanodendrites synthesized by CTAC and NaOL, (b) Pd nanoparticles synthesized by CTAB and NaST, (c) Pd nanodendrites synthesized by stirring the growth solution for 10 min, and (d) Pd nanodendrites synthesized by stirring the growth solution for the whole 14 h.](la9b03804_0006){#fig6}

We also investigated several other parameters that are often adjusted in nanoparticle growth synthesis, beginning with the stirring of the solution during the growth process, which affects the uniformity of surfactants and other reactants in the solution. Three comparative experiments were set up for α~CTAB~ = 0.8: no stirring, as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (α~CTAB~ = 0.8); stirring for 10 min, followed by still incubation for the remainder of the growth period, as seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c; and stirring for the entire 14 h growth period, as seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d. These experiments all resulted in the formation of the Pd nanodendrites, and this illustrates that the stirring does not affect the formation or shape of the Pd nanodentrites.

The temperature and pH value of the growth solutions are two other important parameters to tune the shape and size of nanoparticles, as well as affecting the surfactants in the solution. Therefore, we compared growth temperatures of 40, 60, and 80 °C. We also tuned the pH value (6.4) of the growth solution before the reduction step to pH 5.4 by adding a small amount of HCl solution and to pH 7.3 by adding a small amount of NaOH solution. The TEM images and average sizes are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. In order to compare the size and shape precisely, we also set a growth at 40 °C without tuning the pH as a standard. Pd nanodendrites were synthesized successfully in all growth solutions. TEM images are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The average size of Pd nanodendrites synthesized at 40 °C without tuning the pH is 65.2 ± 4.8 nm, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. As the growth temperature increased, the average size decreased slightly (64.9 ± 8.1 nm at 60 °C and 62.9 ± 5.5 nm at 80 °C) and the size distribution broadened, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c. However, compared to [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, the TEM images in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c show that the small nanocrystals that form the dendritic structure are larger at higher growth temperature. It is because the higher temperature increased the reaction rate of the growth of the small Pd nanocrystals, leading to the formation of larger nanocrystals and some Pd nanodendrites without seeds. The seedless Pd nanodendrites are usually smaller than those with seeds, which makes the size distribution wider. Additionally, the higher yield of seedless nanodendrites uses the Pd source and the size of Pd nanodendrites with seeds decreases. When the pH is adjusted, as seen in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d,e, the sizes of Pd nanodendrites (69.9 ± 4.9 nm at pH 5.4 and 67.7 ± 4.7 nm at pH 7.3) are slightly larger than those in the original solution at pH 6.4, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. However, the size distribution and the dendritic shape do not change significantly. The studies in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} demonstrate that the temperature and pH value do not influence the formation of the dendritic structure but can be used to influence the size and dispersity of the Pd nanodendrites.

![TEM images of Pd nanodendrites: (a) growth at 40 °C with original pH 6.4, (b) growth at 60 °C with pH 6.4, (c) growth at 80 °C with pH 6.4, (d) growth at 40 °C with pH 5.4, and (e) growth at 40 °C with pH 7.3.](la9b03804_0007){#fig7}

Conclusions {#sec4}
===========

In this work, Pd nanodendrites were successfully synthesized with binary surfactant mixtures of CTAB and NaOL in different molar ratios. The optimal value of α~CTAB~ is between 0.8 and 0.9, with which Pd nanodendrites with the highest yield and narrowest size distribution were obtained. The molar ratio of CTAB in the growth solutions governs the shapes of the Pd nanoparticles. Pd nanocubes are formed with α~CTAB~ = 1. For 0.5 ≤ α~CTAB~ \< 1, Pd crystals aggregate to form nanodendrites. When α~CTAB~ \< 0.5, Pd crystals are not able to aggregate, resulting in no growth of Pd seeds.

Our proposed model for the formation of Pd nanodendrites is that the addition of NaOL breaks the continuous CTAB double layer and leads to the formation of mixed surfactant micelles on Pd seed surfaces by the electrostatic interaction. Pd^2+^ ions are reduced to form small crystals in the mixed surfactant micelles and then the crystals are adsorbed on Pd seed surfaces, depending on the interaction between the surfactants and the Pd seed surfaces. As the concentration of NaOL increases, this interaction decreases. When α~CTAB~ is lower than 0.4, the interaction is too weak to promote aggregation, leading to no growth of the Pd seeds.

CTA^+^ and OL^--^ ions play a significant role in the formation of the nanodendrites. Pd nanodendrites can be synthesized successfully with both CTAB or CTAC in this method but cannot be synthesized when replacing NaOL with NaST. As the growth temperature increased, the size of Pd nanodendrites decreased and the size distribution was wider. Additionally, the size of Pd nanodendrite was also influenced by the pH value. However, the stirring of the growth solution does not affect the dendritic shape. Additionally, the growth of Pd nanodendrites proceeds mainly in the first hour and the nanodendrites stabilize in the remainder of the growth time.

These nanodedritic structures will be of significant further interest in catalytic and sensing applications due to their increased surface area and high-index facets present in the nanodentrites.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03804](https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03804?goto=supporting-info).Characterization of Pd nanoparticle solutions and surfactant solutions by UV--vis spectroscopy, a high-resolution TEM image of Pd nanodendrites, and histograms of the size distribution of Pd nanoparticles (Figures S1--S9) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03804/suppl_file/la9b03804_si_001.pdf))
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